Haploid gynogenetic screens increase the efficiency of forward genetic screens and linkage analysis in fish. Typically, UV-irradiated zebrafish sperm is used to activate zebrafish oocytes for haploid screens. We describe the use of UV-irradiated common carp sperm to activate haploid gynogenetic zebrafish development. Carp Â zebrafish hybrids are shown to have a characteristic set of features during embryonic development and exhibit functional development of several tissues (muscle, heart and nervous system). Hybrids become inviable past the embryonic stages. This technique eliminates the possibility of incompletely irradiated zebrafish spermatozoa contaminating haploid progenies. While developing this protocol, one unique zebrafish female was identified which, upon insemination with UV-irradiated carp spermatozoa, repeatedly displayed spontaneous diploidization of the maternal chromosomes in her offspring.
Introduction
Zebrafish, Danio rerio, have rapidly become a key model vertebrate species. Forward genetic screens, which entail random mutation of organisms' genomes, screening for phenotypes, and then identifying mutated genes, have uncovered numerous developmental genes in zebrafish. This process is accelerated by screening for phenotypes in haploid generations produced by single mutagenized parents, known as a haploid screen, as parental and F 1 generations can be directly assessed [1, 2] . Haploid screens have been instrumental in developing genetic linkage maps, which detail the recombination frequency between loci in a species' genome [3] . These maps are used to locate alleles responsible for a given phenotype by identifying molecular markers linked to the trait of interest. Once the location of an allele is known, it can be cloned and sequenced. This process is known as positional cloning, and has been used in zebrafish to sequence alleles responsible for phenotypes identified in forward genetic screens [4] .
Haploid screens in zebrafish are typically performed by activating zebrafish oocytes with UV-irradiated zebrafish sperm [2] . Irradiation damages the paternal chromosomes and results in inheritance of only maternal chromosomes. However, this method suffers first due to the fact that rare, incompletely irradiated spermatozoa may lead to fertilization and can 'contaminate' the results of the experiment. Second, it is labour-intensive to obtain a sufficient volume of zebrafish sperm to successfully activate oocyte development after sperm irradiation.
Embryonic development can be induced in many fish species by activation of oocytes with heterologous sperm. Resulting zygotes can become hybrid, androgenetic (inheriting only paternal chromosomes), or gynogenetic (inheriting only maternal chromosomes) embryos [5] . Activation of oocytes by heterologous sperm has been demonstrated in multiple species, including the activation of Mozambique tilapia, Oreochromis mossambicus, oocytes with common carp Cyprinus carpio sperm [6] , both reciprocal crosses of grass carp, Ctenopharyngodon idella, and common carp [7] , and the activation of zebrafish oocytes with cryopreserved common carp sperm [8] . The purpose of using heterologous sperm in these cases was to generate 'uncontaminated' gynogenetic progeny. We hypothesize that by using irradiated heterologous sperm we would improve the efficacy of haploid screens in zebrafish, particularly if a species whose hybrids with zebrafish are distinguishable during embryonic development were used.
Material and methods (a) Fish
Broodstock zebrafish (2-10 month old, 500-1400 mg weight) were an AB/TL hybrid line (C. Beattie, Department of Neuroscience, The Ohio State University, Columbus, OH, USA), Casper (Carolina Biological, Burlington, NC, USA), and fish from a local pet shop (GloFish brand). The carp male used in this study was a common carp Â koi (ornamental common carp) hybrid. Detailed methods for broodstock fish care are described in the electronic supplementary material.
(b) Collection of gametes and generation of haploids
To collect oocytes, male and female zebrafish were kept overnight in the same tank separated by a perforated barrier. The following morning, the barrier was removed and the fish were allowed to interact until encircling was observed. Females were then separated, anaesthetized in a solution of tricaine methanesulfonate (100 mg l
21
), and oocytes were collected by stripping. A small volume of Hanks' balanced salt solution, prepared according to Sakai et al. [9] without albumin, was added to the oocytes.
Zebrafish sperm was collected by maceration of testes in E400 extender after being dissected under a microscope from euthanized males [10] . Zebrafish sperm was taken from males homozygous for a transgenic coloration gene (GloFish) so that any contamination would be evident. Spermiation was induced in a carp male by injection of 3 mg kg 21 dried carp pituitary (Stoller Fisheries, Spirit Lake, IA, USA) given 12 -14 h prior to stripping [11] . For production of haploid progenies, carp sperm was irradiated similarly to the method described by Alsaqufi et al. [11] . Sperm was first diluted in 350 mM glucose, 30 mM Tris extender ( pH 8.0) [12] at a ratio of 1 : 9 (sperm : extender), and then irradiated at 3000 J m 22 in a UV crosslinker (Stratagene, La Jolla, CA, USA) while being stirred with a magnetic stir bar on ice. All oocytes were inseminated in vitro.
Oocytes from individual females were divided into three groups for separate inseminations with intact carp sperm, UVirradiated carp sperm and intact zebrafish sperm. After eight inseminations with intact carp sperm in order to confirm the absence of viable hybrids and characteristic phenotype, this cross was no longer repeated.
(c) Flow cytometry
A sample of 3 -14 embryos taken from each progeny 3-5 days post-fertilization (dpf) was analysed by flow cytometry for nuclear DNA content. Staining was performed similarly to the process described by Garcia-Abiado et al. [13] . Individual embryos were placed in microcentrifuge tubes containing 800 ml staining solution (50 mg l 21 propidium iodide, 10 mg ml 21 RNase A in Isoton II) with 1 mL of a 0.05Â dilution of rainbow trout Oncorhynchus mykiss red blood cells (RBC) in Isoton II as an internal standard. Samples were incubated overnight in the dark at 48C, then vortexed and aspirated through a 26G needle into a 1 ml syringe. Samples were then filtered through 60 mm mesh and a 26G needle. Ten thousand events were recorded per sample using an Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, USA).
Relative nuclear DNA content was calculated as the ratio of fluorescence intensity between the sample peak and the RBC peak. This ratio was multiplied by the c-value for rainbow trout [14] to obtain the sample c-value. Sample c-value was converted to ploidy by comparing with the known c-values for zebrafish [15] and common carp [16] , and the theoretical value for a zebrafish Â common carp hybrid, calculated as the average of zebrafish and common carp c-values.
Results
Zebrafish embryonic development was successfully induced by both intact and UV-irradiated carp sperm. Average + s.d. rate of first cleavages (2-4 cell stage) for intact carp sperm (n ¼ 8 propagations), UV-irradiated carp sperm (n ¼ 11) and intact zebrafish sperm (n ¼ 13) was 71 + 9%, 47 + 25% and 76 + 12%, respectively (figure 1).
Embryos resulting from hybridization with intact carp sperm progressed normally through epiboly. At 24 h post-fertilization (hpf ), some embryos appeared normal except for shorter, curved caudal regions while other embryos had short bodies with no distinguishable caudal peduncle. By 48 hpf, all embryos became abnormal, with severely truncated caudal regions and short bodies, and typically with pericardial oedema (figure 2b). The heartbeat was visible in embryos from 48 to 120 hpf. The first hatched larvae were observed at 24 hpf and at 72 hpf all surviving embryos had hatched. From 48 to 120 hpf, some hatched larvae were observed to twitch (10 + 5%) and approximately 1% swam erratically for a short distance when agitated. No larvae displayed sustained motility, used the adhesive gland or inflated the gas bladder. Flow cytometric analysis revealed that all hybrid larvae were diploid with c-value 1.7 pg, which is equal to the average c-value of zebrafish [15] and carp [16] (table 1) .
Embryos resulting from insemination with UV-irradiated carp sperm developed at approximately the same rate as normal zebrafish (control) embryos. At 24 hpf, most embryos displayed no obvious signs of deformity, but several embryos with a slightly shortened body or without a distinguishable head were observed. At 48 hpf, embryos had a short body and slightly curved caudal regions (haploid syndrome). The body of haploid zebrafish was shorter than diploid zebrafish, rsbl.royalsocietypublishing.org Biol. Lett. 12: 20160628 but significantly longer than the body of carp hybrids (figure 2; electronic supplementary material, figure S1 ). From 48 to 120 hpf, the heartbeat was visible, and several larvae twitched or moved a short distance when agitated. Some embryos developed pericardial oedema. No morphologically abnormal larvae adhered to the container's wall, generated sustained movement or filled the gas bladder. Flow cytometric analysis revealed that these larvae were haploid (electronic supplementary material, figure S2 ). A portion of larvae resulting from inseminating oocytes produced by one individual AB/TL zebrafish with UVirradiated carp sperm were repeatedly observed in three subsequent propagations (at weekly intervals) to have regular morphology with inflated swim bladders at 120 hpf. A total of 42 morphologically normal larvae with inflated gas bladders were obtained. Four were shown by flow cytometry to be diploid. Thirty-eight were stocked into tanks and began feeding on rotifers at 120 hpf. This confirms that these larvae were diploid. Morphologically abnormal larvae (n ¼ 25) from the same progenies were analysed and shown to be haploid (electronic supplementary material, table S1). The percentage of embryos (2-4 cell stage) from this female that developed into diploid larvae was variable, at 34.5% per clutch, 0.5%, and 1.0% over three consecutive spawnings. In progenies produced by crossing other females with irradiated carp sperm, only one normal larva was observed out of 1730 embryos (electronic supplementary material, table S2).
Control zebrafish embryos developed normally [17] , and 98% of larvae alive at 120 hpf had an inflated gas bladder. Flow cytometric analysis of larvae with inflated gas bladders revealed them to be diploid (table 1) . A small sample (n ¼ 4) of deformed control larvae with uninflated gas bladders were analysed and this group was shown to be composed of both diploids (n ¼ 2) and haploids (n ¼ 2).
Discussion
The abnormal morphology and low survival during embryonic development of the zebrafish Â carp hybrids demonstrates their inviability past embryonic development. This is an important finding as common carp successfully hybridizes in multiple intergeneric crosses, for example with grass carp [7] . High mortality of interspecies fish hybrids during embryonic development is commonly observed [5] , presumably due to genetic incompatibility. Analysis of nuclear DNA content revealed that hybrid nuclei contained the amount of DNA predicted in a true hybrid. This demonstrates that karyogamy occurs in zebrafish Â carp hybrids, but embryonic development results in severe deformities and hybrids are not capable of developing past the embryonic stages.
Development of haploid gynogenetic zebrafish produced using irradiated zebrafish sperm has been previously described in depth [2] , and haploids produced using irradiated carp sperm follow the same pattern. Although the survival rate of haploids was lower than diploid zebrafish, there was a significant portion alive at each examined time point. Luo & Li [18] also demonstrated that gynogenetic haploid goldfish obtained with UV-irradiated carp sperm survived beyond hatching, but did not begin feeding. This reinforces the suggestions of Walker [2] that haploid screens can be used to investigate development of advanced features such as muscular development [19] , and patterning of the nervous system [20] .
This new procedure for gynogenetic haploid screens has two main advantages over current methods [2, 21] which use UV-irradiated zebrafish sperm to activate zebrafish oocytes. First, the recognizable phenotype of zebrafish Â carp hybrids eliminates interference from incompletely inactivated spermatozoa. Second, sperm is more readily available from carp/koi owing to their larger size, high sperm production (5-10 ml sperm from a 1-2 kg male) and the ease of hormonally inducing spermiation all year round. In the normal zebrafish progenies produced, 2% of larvae did not inflate their gas bladder at 5 dpf. These embryos were morphologically deformed, and a portion was haploid. This is probably due to spontaneous inactivation of either the paternal or the maternal pronucleus. Gomelsky & Recoubratsky [22] report similar observations in common carp and were able to make use of pigmentation inheritance to conclude the rates of spontaneous inactivation of the paternal and maternal pronuclei were 0.104% and 0.158%, respectively.
In this study, one zebrafish female repeatedly produced diploid embryos when inseminated with UV-irradiated carp sperm. This spontaneous diploidization of maternal chromosomes (SDM) occurred at a variable rate between progenies, indicating variability in the underlying physiological mechanism, likely retention of the second polar body, as environmental conditions were constant. Females with oocytes predisposed to SDM have been reported in other species, such as common carp [23] and Nile tilapia Oreochromis niloticus [24] . Using heterologous sperm was key in the identification of this female. If UV-irradiated zebrafish sperm was used, the small number of surviving diploids would have been assumed to be the result of incompletely irradiated spermatozoa. The use of UV-irradiated carp sperm will increase the efficiency and effectiveness of haploid gynogenetic screens in zebrafish.
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